Platelet numbers are intricately regulated to avoid spontaneous bleeding or arterial occlusion and organ damage. The growth factor thrombopoietin (TPO) drives platelet biogenesis by inducing megakaryocyte production. A recent study in mice identified a feedback mechanism by which clearance of aged, desialylated platelets stimulates TPO synthesis by hepatocytes. This new finding generated renewed interest in platelet clearance mechanisms. Here, different established and emerging mechanisms of platelet senescence and clearance will be reviewed with specific emphasis on the role of posttranslational modifications.
Introduction
In addition to their essential role in hemostasis to repair vascular damage, platelets are also considered important participants in inflammatory events through secretion of cytokines and growth factors. Platelets interact with white blood cells and vascular endothelial cells both directly by contact-dependent mechanisms and indirectly through secreted chemokinedriven mechanisms. The human body produces and removes 10 11 platelets daily to maintain a normal steady-state platelet count of 150 000 to 400 000 platelets per microliter of blood. Thus, regulation of platelet production and destruction to maintain steady platelet counts is critical not only for hemostasis, but also in maintaining a healthy and balanced immune response. Chronic inflammation is often associated with reactive high platelet counts, and responses to acute infections may be accompanied by sudden reduction or increase of platelets (thrombocytopenia or thrombocytosis, respectively), placing platelets as reporters of disease progression or healing. To this date the mechanisms that regulate platelet numbers at steady state and pathologic conditions remain under-characterized. This review will focus on the role of glycans and novel emerging clearance mechanisms in regulating in vivo and in vitro platelet lifespan and clearance.
Role of GPIbα in Platelet Clearance
Glycoprotein (GP) Ibα is the major subunit of the platelet receptor complex for von Willebrand factor (VWF) that also contains the GPIbβ and GPIX subunits ( Figure 1) [1, 2] .
In addition to VWF, GPIbα also binds to a number of ligands or counter-receptors in circulation, including the integrin αMβ2 discussed below. It is abundantly and exclusively expressed on the surface of platelets and megakaryocytes. The extracellular domain of GPIbα consists of an N-terminal ligand-binding domain (LBD), a heavily O-glycosylated mucin-like region that contains multiple unstructured repeating sequences, and a quasistable mechanosensory domain (MSD) [3] [4] [5] . In addition to the mucin-like region, the GPIbα N-terminal LBD and the extracellular domains of GPIbβ and GPIX are decorated with N-glycans in human platelets. By one estimate, missing the GPIb-IX complex could result in an ∼80% reduction of sialic acid content per unit surface area of the platelet [6] . While past studies of platelets from patients and model animals, as well as biochemical characterization of GPIbα with its ligands, have firmly established its importance in mediating hemostasis and platelet aggregation [7] [8] [9] [10] [11] , recent evidence suggests that glycans on GPIbα play a critical role in mediating platelet clearance via receptors containing carbohydrate-binding domains on the macrophage αMβ2 integrin and the hepatic Ashwell-Morell Receptor (AMR) [12] [13] [14] [15] [16] [17] [18] .
VWF in the circulation does not spontaneously bind platelet GPIbα. When it becomes immobilized at the injured vessel wall and undergoes a conformational change, VWF binds to GPIbα, thereby recruiting and activating platelets at the site of injury [19, 20] . If circumstances allow, VWF will bind to GPIbα, and the binding often coincides with onset of platelet clearance. For instance, VWF bearing a type 2B mutation exhibits an increased affinity for GPIbα and spontaneously binds to platelets in circulation [21] [22] [23] . Type 2B von Willebrand disease (VWD) patients often present thrombocytopenia, albeit to various extents [24] . Consistently, recent characterization of transgenic mice expressing type 2B VWF showed that VWF-platelet complexes in these mice are recognized and cleared by macrophages in the liver and spleen [25] .
Ristocetin induces spontaneous binding of plasma VWF to GPIbα and platelets [26] and had to be pulled from clinical treatment due to complications of thrombocytopenia and blood clotting [27] . Animal studies corroborate the human data, as botrocetin, a snake venom that induces binding of plasma VWF to GPIbα, induced thrombocytopenia when injected into animals [28, 29] . How the VWF-platelet complexes are recognized and cleared remains to be defined. Recent observations have shown that the juxtamembrane MSD in GPIbα undergoes unfolding when a mechanical pulling force is exerted on the LBD through the bound A1 domain of VWF [5] . Botrocetin-mediated VWF binding may induce similar MSD unfolding on the platelet surface, which in turn triggers signaling into the platelet, desialylation on the platelet surface and platelet clearance (R.L., unpublished data). Since the shedding cleavage site is located in the middle of the MSD, desialylation may induce additional GPIbα shedding [30] , which effectively cleaves the MSD in half and likely leaves both halves unfolded, thereby propagating the signal for platelet clearance. Whether desialylation triggers structural changes in GPIbα is unclear.
Sialic acid deficiency on platelet GPIbα does not alter VWF binding in mice lacking ST3GalIV [31] . However, binding to GPIbα of desialylated plasma VWF from these mice is increased in the presence, but not in the absence of botrocetin, indicating that VWF desialylation enhances binding to GPIbα once it is activated. By contrast, human VWF desialylated by the Vibrio cholerae neuraminidase can interact with GPIbα in the absence of any stimulus such as ristocetin [32] . It is unclear whether the discrepancy between these observations is due to the different species (mouse vs. human) or methods (genetic ST3GalIV deletion vs. unspecific enzymatic desialylation) used.
Earlier reports have shown that ristocetin-induced VWF binding to GPIbα also induces platelet apoptosis, presumably by up-regulating the levels of pro-apoptotic Bax and Bak [33] . While the underlying molecular mechanisms, including the location and extent of desialylation, remain to be elucidated, these findings suggest a novel mechanism linking platelet activation to platelet desialylation, apoptosis and clearance, in which changes of glycosylation of GPIbα plays a central role. These findings also suggest that under certain circumstances VWF may be considered as a "platelet clearance factor".
In Vivo Aging: Senescence-induced platelet clearance by the Ashwell-

Morell Receptor
Loss of sialic acid has recently been identified as a determinant of senescent platelet removal [34] . Platelets lose sialic acid during circulation and are cleared via the hepatic AMR, a transmembrane heteroligomeric glycoprotein complex composed of ASGPR1 (HL-1) and ASGPR2 (HL-2) subunits. This highly conserved receptor has been largely regarded as an endocytic receptor [35] , and since its discovery four decades ago its regulatory role has remained largely unclear. Specifically, mice lacking either the ASGPR1 or ASGPR2 subunit do not accumulate plasma proteins or lipids lacking sialic acid, which has been the predicted outcome of eliminating one of the AMR subunits [35] . It has therefore been a surprising discovery that platelets with reduced α2,3-linked sialic acid during sepsis, after cold storage (in-vitro aging), or in mice lacking the sialyltransferase ST3GalIV are cleared by the hepatic AMR ( Figure 2 ) [15-17, 31, 34] .
These findings led subsequently to the discovery that removal of senescent, sialic acid deprived platelets drives hepatic TPO mRNA expression in vivo and in vitro via Janus kinase 2 (JAK2) and signal transducer and activator of transcription 3 (STAT3) to increase megakaryocyte numbers and de novo platelet production ( Figure 2 ). The notion that loss of sialic acid determines platelet lifespan is not entirely novel [36] [37] [38] , however, the recent study elucidates that aged, desialylated platelets regulate hepatic TPO mRNA production in vivo via the AMR. This feedback mechanism presents the AMR-desialylated platelet pair as the critical control point for TPO homeostasis and shows that TPO expression in hepatocytes is regulated and not constitutive. Importantly, disruption of AMR-desialylated platelet signaling using JAK1/2 inhibitors AZD1480, TG101348 and BMS911543 adversely affects hepatic TPO mRNA expression and secretion in hepatocytes in vitro and in vivo [34] .
Thrombocytopenia is a common adverse event of JAK1/2 inhibitor treatment, which is clinically used in myeloproliferative neoplasms [39, 40] . JAK1/2 inhibitors target hematopoietic stem and precursor-cell mutant JAK2-V617F as well as wild-type JAK2, activation of which is essential for red blood cell and platelet production [41, 42] . This new study indicates that inhibition of TPO production downstream of the hepatic AMR-JAK2 signaling cascade could additionally contribute to the thrombocytopenia associated with JAK1/2 treatment. Clinical studies are necessary to investigate this notion. In conclusion, these findings show that the regulatory mechanisms of TPO production, its effects and JAK2 regulation are complex and not completely understood. Further investigation is necessary to determine the exact relationship between the TPO receptor Mpl, TPO and JAK2.
In Vitro Aging: Senescence-induced platelet clearance by liver lectins
Platelet storage is often used as an in vitro aging system and data are compared with in vivo aging mechanisms. For decades, all platelet products have been stored at room temperature, limiting platelet storage to 5 days because of the risk of bacterial growth and loss of platelet functionality. Platelet refrigeration remains undesired because once chilled platelets are rapidly removed from the circulation, a phenomenon with profound consequences for blood banking. Investigation for almost a decade of why refrigerated platelets fail to circulate have defined two previously unsuspected, carbohydrate-dependent platelet clearance mechanisms [43] . The notion that chilled platelets are cleared because they undergo an extensive shape change when exposed to low temperatures and become trapped in the vasculature has been disproved [12, 13] . Rather, cooling of platelets induces progressive clustering of glycanbearing receptors, causing lectins, specifically the integrin αMβ2 (Mac-1) on macrophages and the AMR on hepatocytes, to recognize chilled platelets via terminal N-acetyl glucosamine residues (GlcNAc) and β-galactose, respectively ( Figure 2 ).
Integrins are heterodimeric transmembrane glycoproteins present on virtually all mammalian cells. The most important integrins expressed on leucocytes belong to the β2 integrin family. The heterodimeric integrin αMβ2 is expressed on the surface of many leukocytes involved in the innate immune system. The αM subunit contains a cation-dependent ligand binding Idomain, which mediates inflammation by regulating leukocyte adhesion and migration, and has been implicated in several immune processes such as phagocytosis, cell-mediated cytotoxicity, chemotaxis, and cellular activation. It is involved in the complement system, due to its capacity to bind inactivated complement component 3b (iC3b), and the integrin αMβ2 serves as a phagocytic receptor for the iC3b fragment of complement [44] [45] [46] . The αM domain also binds to platelet GPIbα, and inhibition studies using monoclonal antibodies or receptor ligands have shown that the interaction involves the macrophage-1 antigen domain (homologous to the VWF A1 domain) and the GPIbα N-terminal LBD that contains leucine-rich repeats.
In addition to binding the complement component iC3b, the αM subunit has a distinct lectin site for β-glucan [47] . The lectin domain also recognizes circulating cold-platelets and transfused cold-stored platelets via exposure of GlcNAc on platelet surfaces [14] . Additionally, mice lacking the αM subunit have slightly increased platelet counts [12] , indicating that platelets are removed by this receptor under steady state conditions. Taken together, the data shows that glycan remodeling affects circulating platelet numbers. In vivo and in vitro aging leads to profound changes in glycan expression and clearance via multiple lectin-receptors localized on macrophages and hepatocytes. Cold-induced changes in GPIbα glycan composition play a role in platelet binding to macrophages [48] . Interestingly, binding of VWF to platelets increases upon prolonged cooling [16] , indicating that in the case of "cold-induced platelet activation", bound VWF could facilitate clearance via the AMR. It remains to be determined if changes in platelet surface glycosylation and VWF binding observed during in vitro aging induce TPO production by hepatocytes in human settings, and whether binding of platelets to platelet lectins, specifically the AMR, induces expression of additional factors than TPO regulating platelet homeostasis.
Role of Lysosomal Glycosidases
Sialidases (or neuraminidases) are glycoside hydrolase enzymes that cleave the glycosidic linkages of sialic (or neuraminic) acids. Sialidases are a large family found in a range of organisms. Removal of sialic acid from the cell surface glycoconjugates affects cell-cell interactions, binding to soluble molecules, viruses, bacteria and protozoa and modulates cell activity [49] . The significance of sialidase activity in the normal function of eukaryotic cells has been inferred from the heterogeneous clinical manifestations of individuals with genetic sialidase deficiencies [50] [51] [52] . At least four mammalian sialidases have been described in the human genome: sialidases 1 to 4 (Neu1-4) [53] . Neu1 is a mammalian lysosomal neuraminidase enzyme, while Neu3 is expressed on the cell surface where it may play a role in modulating the ganglioside content of the lipid bilayer.
Sialic acid loss from the platelet surface may be mediated by upregulation of platelet sialidases, i.e., Neu1 and Neu3, expressed in granular compartments and on the plasma membrane, respectively [30] . Platelet Neu1 and Neu3 have a preference for the sialic acid linkage found on glycans of the VWF receptor complex GPIbα subunit, exposing underlying β-galactose residues and priming GPIbα for metalloproteinase-mediated degradation during storage. Interestingly, platelet incubation with the sialidase inhibitor, 2-deoxy-2,3-dehydro-N-acetylneuraminic acid (DANA), enhances the recovery and survival of platelets stored at 4°C in mice [30] . In vitro studies demonstrated that addition of DANA during platelet storage at 4°C in the presence of plasma additive solutions preserves surface sialic acid [54] . The sialidase inhibitor oseltamivir phosphate (Tamiflu®), which is clinically used to treat influenza, has also been shown to increase platelet counts in 2 patients with immune thrombocytopenia (ITP), as well as in 77 patients from the Erasmus Medical Center, Rotterdam, independently of influenza diagnosis [55] . Clinical studies are required to determine whether preventing platelet desialylation by inhibition of platelet Neu1 and Neu3 with DANA and/or oseltamivir phosphate treatment improves platelet recovery and survival in transfusion settings.
More evidence has been generated showing that platelet numbers are regulated by sialidase activity in clinical setting. For example, desialylation is associated with apoptosis and phagocytosis of platelets in patients with prolonged isolated thrombocytopenia after allohematopoietic stem cell transplantation [56] . The sialidase inhibitor oseltamivir phosphate reduced platelet clearance in these patients, indicating that sialidases remove sialic acid from circulating platelets. Investigators also reported successful treatment with oseltamivir phosphate in a patient with chronic ITP positive for anti-GPIb-IX autoantibody [57] . Hence, platelet sialic acid content is an important factor that dictates platelet interaction with other cellular systems (hepatocytes, macrophages) to induce clearance. However, other roles of sialic acid loss have to be identified.
Resting platelets also express β-galactosidase in granular compartments and on their surface [30] . β-galactosidases hydrolize β-galactosides into monosaccharides, and the breakdown of lactose to galactose and glucose is used as energy source, contributing therefore to cell survival. Substrates of β-galactosidase include lactose, ganglioside GM1, lactosylceramides, and various glycoproteins [58] . Since β-galactosidase is highly expressed and accumulates in lysosomes in senescent cells, it is used as a senescence biomarker both in vivo and in vitro in qualitative and quantitative assays, despite its limitations [59, 60] . β-galactosidase expression and activity increases on platelet surfaces upon storage (K.M.H., unpublished data), presumably mediating surface terminal galactose cleavage, which may explain the exposure of βGlcNAc on platelet surface glycoconjugtes and clearance via macrophage αMβ2 integrin. It is unclear if β-galactosidase accumulation occurs in platelets upon aging in vitro and in vivo as observed in other cells, a finding which would reinforce the role of this enzyme in platelet senescence.
The term "lysosome" was coined to convey the idea of a membrane-bound lytic organelle that contains hydrolases active at acid pH within cells. Lysosomes are thought to be the endpoint of the endocytic pathway to which proteins and extracellular particles are delivered for degradation by a number of proteases and lipases [61] . However, several studies show that lysosomes also function as secretory organelles. Degradative and secretory functions of lysosomes can be finely controlled, providing important regulatory mechanisms in the immune system and a number of other cell types, specifically megakaryocytes and platelets. Genetic defects causing secretory lysosome defects are associated with albinism, immunodeficiency and platelet disorders [62] . The fact that platelet sialidase and βgalactosidase activities increase upon cold storage [30] and upon activation (K.M.H., unpublished data) suggests the presence of these enzymes in secretory lysosomes. Our unpublished results together with previous reported studies support the notion that platelets and likely megakaryocytes contain secretory lysosomes that can release neuraminidase and β-galactosidase activities (Figure 3 ). However this notion and the cellular mechanisms triggering their secretion during in vivo aging remain to be investigated.
Role of Apoptosis In Platelet Clearance
Platelet survival also depends on the interplay between pro-survival and pro-apoptotic members of the Bcl-2 family, which are critical regulators of the intrinsic apoptotic pathway (Figure 3 ). Platelet survival is extended in mice lacking the pro-apoptotic proteins Bak and Bax, whereas platelet clearance is accelerated in mice lacking the pro-survival proteins Bcl-2, Bcl-xL, and Mcl-1, and in mice treated with the BH3 mimetic ABT-737 (inhibitor of pro-survival Bcl-2, Bcl-xL, and Bcl-w). Whether members of the Bcl-2 family alter platelet surface sialic acid content or whether these mechanisms converge at certain points during platelet lifetime is unclear. Interestingly, the primary platelet clearance site following administration of ABT-737 is the liver in dogs, presumably via scavenger receptors, whereas the spleen does not appear to regulate the platelet lifespan in mice [63] . Evidence shows that in other cells Neu3 expression and activity is associated with resistance to apoptosis, specifically in the leukemic cell line K562 [64] . Interestingly, silencing of Neu3 in K562 triggers megakaryocytic differentiation of K562 cells. High expression of Neu3 in cancer cells has also been associated with protection against apoptosis in tumor cells [49, 65, 66] .
More data are needed to establish if glycan degradation in vivo (i.e., sialic acid loss) triggers the intrinsic apoptotic machinery in platelets, linking glycan degradation and intrinsic apoptotic machinery in the clearance mechanisms regulating platelet survival.
Data show that newborn and adult mice have similar platelet production rates, but neonatal platelets survived 1 day longer in circulation. A study of pro-apoptotic and anti-apoptotic Bcl-2 family proteins shows that neonatal platelets have higher levels of the anti-apoptotic protein Bcl-2 and are more resistant to apoptosis induced by the Bcl-2/Bcl-xL inhibitor ABT-737 than adult platelets. However, genetic ablation or pharmacologic inhibition of Bcl-2 alone does not shorten neonatal platelet survival or reduce platelet counts in newborn mice, indicating the existence of redundant or alternative mechanisms mediating the prolonged lifespan of neonatal platelets [67] . Whether glycans (i.e., increase in platelet surface sialic acid) play a role in the prolonged survival of neonatal platelets remains to be established.
Immune Platelet Clearance
ITP is a common bleeding disorder caused primarily by platelet autoantibodies that accelerate platelet destruction, alter platelet function, and/or inhibit platelet production [68] . These autoantibodies are mainly directed against the two most abundant platelet GP complexes, GPIIb-IIIa (integrin αIIbβ3) and GPIb-IX ( Figure 3 ). The prevailing model posits that antibody-mediated platelet destruction occurs in the spleen [69] [70] [71] , where the interaction between the Fc portion of platelet-associated immunoglobulin G antibodies and Fcγ receptors (FcγRs) on macrophages initiates phagocytosis. However, in contrast to anti-αIIbβ3-mediated ITP, anti-GPIbα-mediated ITP is often refractory to therapies targeting FcγR pathways or splenectomy. Recent findings show that certain anti-GPIbα antibodies trigger platelet desialylation, a process that deviates platelet clearance from splenic macrophage Fc receptors to the hepatic AMR, showing that FcγR-independent platelet clearance mechanisms in ITP exist [71] [72] [73] . The mechanism of how anti-GPIbα antibody binding leads to desialylation remains to be established. It is noteworthy that many antibodies targeting GPIbβ and GPIX subunits in the GPIb-IX complex do not cause platelet clearance [74] [75] [76] . It has also been recently reported that not all anti-GPIbα antibodies induce platelet clearance [77, 78] . It is likely that platelets secrete active Neu1 and Neu3 upon antibody binding and/or platelet activation [30] . The notion that the AMR plays a significant role in the clearance of anti-GPIbα-opsonized and desialylated platelets provides a potential explanation for refractoriness to splenectomy, as well as to steroid and intravenous immunoglobulin therapies.
Conclusion
In summary, the regulatory mechanisms of platelet numbers are intricately designed to maintain a balance of platelet production and removal. Under steady state conditions, sialic acid loss is sensed by hepatic AMR receptors to induce TPO secretion and de novo platelet production. Novel mechanisms are emerging to define how platelets specifically lose sialic acid, specifically involving GPIbα. Apoptotic events also dictate the platelet lifespan.
However, how the system senses platelet loss due to apoptosis to induce new platelet production remains to be determined. Platelets circulate with a lifespan of 7-10 days in humans. Platelet clearance is mediated by autoreactive antibodies towards the integrin αIIbβ3 and the VWF receptor complex GPIb-IX subunit GPIbα. Some anti-GPIbα, but not anti-αIIbβ3 antibodies induce platelet desialylation, thereby diverging platelet clearance to hepatic AMRs. Binding of VWF may also induce platelet desialylation and clearance under certain circumstances. Following plasma factor (autoantibodies or VWF) binding, platelets may be also cleared by galactosebinding lectins. Platelet survival also depends on the interplay between pro-survival and proapoptotic members of the Bcl-2 family, which are critical regulators of the intrinsic apoptotic pathway. Platelet clearance via scavenger receptors is accelerated in mice lacking the prosurvival proteins Bcl-2, Bcl-xL and Mcl-1. In vivo aging (senescence signal) induces platelet desialylation, possibly by intrinsic sialidases normally contained in intracellular lysosome compartments. 
